Rett syndrome (RTT) is caused by mutations in the gene encoding methyl-CpG binding protein 2 (MECP2), an epigenetic regulator of mRNA transcription. Here, we report a test of the hypothesis of shared pathophysiology of RTT and fragile X, another monogenic cause of autism and intellectual disability. In fragile X, the loss of the mRNA translational repressor FMRP leads to exaggerated protein synthesis downstream of metabotropic glutamate receptor 5 (mGluR5). We found that mGluR5-and protein-synthesis-dependent synaptic plasticity were similarly altered in area CA1 of Mecp2 KO mice. CA1 pyramidal cell-type-specific, genome-wide profiling of ribosome-bound mRNAs was performed in wild-type and Mecp2 KO hippocampal CA1 neurons to reveal the MeCP2-regulated "translatome." We found significant overlap between ribosome-bound transcripts overexpressed in the Mecp2 KO and FMRP mRNA targets. These tended to encode long genes that were functionally related to either cytoskeleton organization or the development of neuronal connectivity. In the Fmr1 KO mouse, chronic treatment with mGluR5-negative allosteric modulators (NAMs) has been shown to ameliorate many mutant phenotypes by correcting excessive protein synthesis. In Mecp2 KO mice, we found that mGluR5 NAM treatment significantly reduced the level of overexpressed ribosome-associated transcripts, particularly those that were also FMRP targets. Some Rett phenotypes were also ameliorated by treatment, most notably hippocampal cell size and lifespan. Together, these results suggest a potential mechanistic link between MeCP2-mediated transcription regulation and mGluR5/FMRP-mediated protein translation regulation through coregulation of a subset of genes relevant to synaptic functions.
Introduction
Accumulating evidence suggests that aberrant synaptic protein synthesis may contribute to the pathophysiology underlying au-tism spectrum disorder (ASD) and intellectual disability (ID) (Kelleher and Bear, 2008) . Synaptic control of local protein synthesis can be assayed in animal models by the study of synaptic long-term depression (LTD) induced by activation of metabotropic glutamate receptor 5 (mGluR5) (Huber et al., 2000 , Huber et al., 2001 . Studies over the past 15 years have shown that protein-synthesis-dependent mGluR-LTD is altered in multiple mouse models of ASD and ID, including those for fragile X, tuberous sclerosis, CYFIP1 and SYNGAP1 haplo-insufficiency, and chromosome 16p11.2 microdeletion (Huber et al., 2002 , Auerbach et al., 2011 , Bozdagi et al., 2012 , Barnes et al., 2015 , Tian et al., 2015 . These results support the notion that aberrant regulation of synaptic protein synthesis represents a point of convergence for many varied gene mutations that manifest behaviorally as ASD and ID.
Rett syndrome (RTT), affecting 1 in 10,000 females, is a severe developmental disorder caused by mutations in an X-chromosome gene encoding methyl-CpG binding protein 2 (MECP2). RTT patients have seemingly normal development for the first 6 -18 months before entering the stage of regression. Major symptoms include ASD, deceleration of head growth, loss of speech and purposeful hand movements, gait abnormalities, and irregular breathing patterns. The disease is rare in males because hemizygous mutation of MECP2 leads to early lethality. Postmortem studies show that RTT is not a neurodegenerative disorder, but neurons in patients' brains are smaller in size and more densely packed (for review, see Chahrour and Zoghbi, 2007) . Heterozygous female mice with Mecp2 mutation exhibit relatively subtle symptoms until 20 weeks or older, with varied symptom onset age (Samaco et al., 2013) . In contrast, hemizygous Mecp2 KO male (Mecp2 Ϫ /y ) mice recapitulate many clinically relevant symptomatic features at an earlier age, including locomotor deficits, irregular breathing with apneas, reduced neuronal soma size, premature death, and severe learning and memory impairment. Therefore, male Mecp2 KO mice are often used as a functionally relevant disease model for revealing the underlying pathophysiology of RTT (Chen et al., 2001 , Guy et al., 2001 .
MeCP2 selectively recognizes and binds to methylated cytosines in the genome and acts as a major effector protein for this epigenetic DNA modification (Lewis et al., 1992 , Skene et al., 2010 , Guo et al., 2014 , Gabel et al., 2015 . Although overall gene expression appears to be only modestly dysregulated in the absence of MeCP2 (Tudor et al., 2002 , Jordan et al., 2007 , Chahrour et al., 2008 , Ben-Shachar et al., 2009 , Gabel et al., 2015 , MeCP2 was found recently to preferentially repress the transcription of many long genes associated with relatively high levels of intragenic non-CpG methylation (Sugino et al., 2014 , Chen et al., 2015 , Gabel et al., 2015 . Moreover, MeCP2 may also regulate microRNA expression and thereby exert an additional layer of transcription/translation regulation (Szulwach et al., 2010 , Wu et al., 2010 .
Because transcription and translation are in general tightly coupled to allocate cellular resources efficiently , we set out to test the hypothesis that loss of MeCP2 as a transcription repressor may lead to downstream translational dysregulation of a cohort of mRNAs that are under tight translational control by an mGluR5/FMRP pathway. In the current study, using integrated approaches of electrophysiology, biochemistry, genomics, and behavioral analyses, we find that in early symptomatic Mecp2 KO mice, hippocampal mGluR-LTD is protein synthesis independent and protein translation is abnormal, with an increase in ribosome-associated mRNAs for long genes. Furthermore, we provide evidence that many MeCP2-repressed and FMRP-bound mRNAs that are aberrantly upregulated in Mecp2 KO may be tuned down by treatment with a negative allosteric modulator of mGluR5, which suggests a mechanistic link between MeCP2-mediated transcription repression and FMRP-mediated translation regulation. Finally, we demonstrate that pharmacological modulation of the mGluR5 signaling pathway partially ameliorates a subset of RTT phenotypes.
Materials and Methods
Animals. Mecp2 KO mice (Mecp2 tm1.1bird , 003890; The Jackson Laboratory) and WT littermates were maintained on a C57BL/6 background by breeding Mecp2 Ϫ /ϩ females with WT males from Charles River Laboratories (strain code: 027). The Cck-bacTRAP (GM39) line was provided by Dr. Nathaniel Heintz of The Rockefeller University. In this mouse, EGFP fused to the ribosomal protein L10a was inserted in the bacterial artificial chromosome (BAC) in such a way that expression was driven by the cholecystokinin (Cck) promoter. All animal experimentation was done in accordance with National Institutes of Health and Massachusetts Institute of Technology guidelines. All experiments were performed on littermate WT and Mecp2 KO mice with the experimenter blinded to genotype.
Hippocampal slice physiology. Experiments were done as described previously (Auerbach et al., 2011) . Acute hippocampal slices (350 m) were prepared using a vibroslicer from postnatal day 30 (P30) to P35 mice in ice-cold dissection buffer containing the following (in mM): NaCl 87, sucrose 75, KCl 2.5, NaH 2 PO 4 1.25, NaHCO 3 25, CaCl 2 0.5, MgSO 4 7, ascorbic acid 1.3, and D-glucose 10 (saturated with 95% O 2 /5% CO 2 ). Immediately after slicing, the CA3 region was removed. Slices were recovered in artificial CSF (ACSF) containing the following (in mM): NaCl 124, KCl 5, NaH 2 PO 4 1.23, NaHCO 3 26, CaCl 2 2, MgCl 2 1, and D-glucose 10 (saturated with 95% O 2 /5% CO 2 ) at 32.5°C for at least 3 h before recording. Field EPSPs (fEPSPs) were evoked by stimulation of the Schaffer collaterals and recorded from CA1 stratum radiatum. Chemical LTD was induced by applying S-3,5-dihydroxyphenylglycine (DHPG, 50 M; Sigma-Aldrich) for 5 min (Huber et al., 2001) . For experiments with cycloheximide treatment, slices were incubated in ACSF containing 60 M cycloheximide (Sigma-Aldrich) throughout the recording. The initial slope of the fEPSP was used to assess synaptic strength. Data were normalized to the baseline response and are presented as mean Ϯ SEM. LTD was calculated by comparing the average response 55-60 min after DHPG application with the average of the last 5 min of baseline. Waveforms shown are from all traces averaged from all animals at the time points indicated. Genotype and drug effect were analyzed using two-way ANOVA.
Immunoblotting. Hippocampal slices were lysed in Laemmli buffer and equal amounts of protein were loaded and resolved in SDS-PAGE and transferred onto nitrocellulose membrane. Total protein levels were quantified by MemCode reversible protein stain (Pierce). The following antibodies were used: phospho-ERK (p-ERK1/2; Thr202/ Tyr204), ERK1/2, phospho-Akt (p-AKT; Ser473), phosphorylated mammalian target of rapamycin (p-mTOR; Ser2448), mTOR, p-S6 (Ser235/236), S6 (all from Cell Signaling Technology), mGluR5 (Abcam), mGluR1 (BD Biosciences), and ␤-actin (Abcam). Bands were detected by chemiluminescence (ECL; GE Healthcare) or IR fluorescence (LI-COR). Quantifications were done with Quantity-One (Bio-Rad). The relative expression levels of each protein were determined by the intensity of target immunoblot bands normalized to the total protein level of each lane (MemCode intensity). A paired twotailed t test was used to determine whether differences between genotypes were statistically significant at p Ͻ 0.05.
Metabolic labeling. Protein synthesis measurements were done as described previously with paired WT and Mecp2 KO littermates (Osterweil et al., 2010) . Briefly, 500 m hippocampal slices were prepared with a Stoelting tissue slicer and recovered for 3 h in 32.5°C ACSF, incubated for 30 min with 25 M actinomycin D (EMD Biosciences), and then transferred to ACSF with 10 Ci/ml 35 SMet/Cys (PerkinElmer) for 30 min. Labeled slices were homogenized in protein lysis buffer (10 mM HEPES, pH 7.4, 2 mM EDTA, 2 mM EGTA, 1% TX100, and protease inhibitor; Roche) and unincorporated amino acids were removed by precipitating proteins in the homogenate with trichloroacetic acid. Isotope incorporation was measured with a scintillation counter (Beckman). Protein concentration was measured by DC Protein assay (Bio-Rad). Protein synthesis rate was calculated as counts per minute per microgram of protein and the reading was normalized to the ACSF 35 SMet/Cys counts. A paired two-tailed t test was used to determine whether differences between genotypes were statistically significant at p Ͻ 0.05.
TRAP-seq and differential gene expression analysis. Translating mRNAs were immunoprecipitated from acutely dissected hippocampal tissue and purified as described previously (Heiman et al., 2008 , Heiman et al., 2014 . RNA samples were analyzed with a Bioanalyzer (Agilent) to confirm RNA integrity (RIN Ͼ7). RNA concentrations were determined with the Quant-it Ribogreen RNA assay (Life Technologies). Purified RNA (1ϳ1.5 ng) was converted to cDNAs with Ovation RNA-seq V2 system (NuGEN). A total of 500 ng of cDNAs from each sample were fragmented to ϳ200 bp using a Covaris S2 ultrasonicator. Fragmented cDNA (100 ng) was end-repaired, dA-tailed, and ligated to adaptors using the NEBNext Ultra DNA library prep kit (New England Biolabs). Sequencing libraries were prepared using the KAPA HiFi Hotstart Ready Mix PCR Kit (Kapa Biosystems) and NEBNext Multiplex Oligos for Illumina (Index Primers Set1 and 2). Library quality was examined with the Qubit dsDNA HS Assay Kit (Life Technologies) and Bioanalyzer using a High Sensitivity DNA kit (Agilent). Final concentrations of sequencing libraries were quantified by qPCR using KAPA Library Quantification Kit (Kapa Biosystems). TRAP-seq libraries were sequenced on a HiSeq 2500 or a NextSeq 500 Sequencer (Illumina). Sequencing reads (50 bp, single-end) were first mapped to the Mus musculus primary assembly reference genome (Gencode GRCm38/release M6) using STAR-2.4.2a. Uniquely mapped reads that overlapped with exons of known protein coding genes were counted using htseq-count python script. Differential expression was calculated using DESeq2 (Love et al., 2014) and p-values were adjusted for multiple testing using the Benjamini-Hochberg procedure (GEO accession number: GSE82068).
Gene set enrichment analysis (GSEA). GSEA analysis was performed as described previously (Subramanian et al., 2005) using a modified GSEA.1.0 R script (implemented in R-3.1.3). Normalized enrichment score and statistical significance were estimated by comparison with a null model generated by permuting the gene labels randomly 1000 times. FMRP direct targets used in GSEA analysis were downloaded from the FMRP HITS-CLIP dataset (Darnell et al., 2011) .
Gene ontology (GO) analysis. GO analysis (see Fig. 3d ) was performed using the DAVID version 6.7 bioinformatics resource ͑http://david.abcc. ncifcrf.gov/͒.
Protein-protein network analyses. Protein-protein interaction (PPI) network analysis was performed using the GeNets program ͑https:// www.broadinstitute.org/genets͒ and the InWeb PPI database. A set of genes (nodes in the network) was grouped as a PPI community if they were more connected to one another than they were to other groups of genes. Curated and computationally derived PPIs were shown as lines. Each PPI interaction was assigned a credibility score between 0 and 1, where 1 s are "gold standard interactions," indicated by thick black lines. The scores other than 1 were defined based on the number of citations and types of experiments that lend evidence toward the interaction. The connectivity p-value indicates whether the observed PPI network is significantly more connected than expected for a random gene set of same size. GSEA was performed using a Bonferroni-adjusted hypergeometric test and only the C2 set (4722 curated gene sets from BioCarta, KEGG, Reactome, PID, etc.) from the Molecular Signatures Database (MSigDB) was considered during this analysis. SFARI genes were downloaded from the SFARI human gene collection ͑https://gene.sfari.org/autdb/ Welcome.do͒.
CTEP treatment. Chronic CTEP treatment (0.4 mg/kg) was administered via subcutaneous injection (for mice younger than P30) or oral gavage (for mice older than P30) once every 48 h. This dose was chosen after a pilot study revealed that the dose of 2 mg/kg used in previous studies in fragile X (Michalon et al., 2012) and 16p11.2 microdeletion (Tian et al., 2015) mouse models caused significant weight loss in the Mecp2 mice.
Whole-body plethysmography. Breathing was recorded in awake and unrestrained mice using whole-body plethysmography (EMKA Technologies) with a constant inflow of fresh air (0.8 L/min). Mice were habituated to the chamber for 20 min 1 d before being recording for up to 1.5 h. Raw data were exported and analyzed in Matlab (The MathWorks).
Immunohistochemistry and soma size analyses. Mice were perfused with PBS, followed by 4% paraformaldehyde (PFA), and brains were sliced into 50-m-thick sections in PBS with a vibratome (Leica). Brain sections were blocked and permeabilized for 1 h at room temperature in a blocking buffer of 1ϫPBS with 5% normal donkey serum and 0.16% Triton X-100. For immunostaining, sections were incubated with primary antibody overnight, washed 3 times with PBS, incubated with secondary antibody for 1.5 h, washed 3 times with PBS, and then mounted onto slides and coverslipped. The following antibodies were used for immunostaining: GFP (Abcam, rabbit polyclonal, 1/1500), NeuN (EMD Millipore, mouse monoclonal, 1/500). For Nissl staining, permeabilized brain sections were incubated with Neurotrace (Life Sciences, 1/100) for 30 min at room temperature, washed 3 times with PBS, and then mounted onto slides and coverslipped. Images were taken with a confocal microscope. Only neurons with clear nuclei were quantified and soma sizes were analyzed with Fiji (ImageJ) software by an experimenter blinded to genotype and treatment. Two sample Kolmogorov-Smirnov (KS) tests were used to determine whether the differences between each genotype/treatment (based on cell number) were statistically significant. Two-way ANOVA was used to determine whether the differences between genotype/treatment were statistically significant (based on averaged soma size per animal).
Open-field test. Locomotor activity was measured with an open-field test as described previously (Crittenden et al., 2014) . Mice were habituated to a test room with dim light for 15 min before being placed into 25 cm (W) ϫ 25 cm (L) ϫ 40 cm (H) arenas surrounded by Plexiglas walls with an activity monitoring system (TrueScan; Coulbourn Instruments). The sensor ring with infrared beams measured animal position every 100 ms and the software calculated the distance traveled in 5 min bins for a total time of 20 min per day for 2 consecutive days. Two-way ANOVA was used to determine whether the differences between genotype/treatment were statistically significant.
Inhibitory avoidance test. Inhibitory avoidance test was performed as described previously (Dölen et al., 2007 , Michalon et al., 2012 . Mice were placed in the lit compartment of a two-chamber box for 90 s before the shutter separating the two compartments opened. At 0 h training time, once the animal entered the dark compartment, it received a single foot shock of 0.5 mA for 2 s. Mice then stayed in the dark compartment for 120 s before being returned to their home cages. Mice were placed back in the lit chamber at 24 and 48 h after conditioning to measure the latency to enter the dark compartment. They were enclosed in the dark compartment for 120 s without receiving any additional foot shock at 24 and 48 h time points. Two-way repeated-measures (RM) ANOVA was used to determine whether the differences between genotype/treatment were statistically significant.
Contextual fear conditioning. Mice were fear conditioned to the training context with a single foot shock of 0.8 mA for 2 s as described previously (Auerbach et al., 2011) . They were returned 24 h later either to the same context or to a novel context (varying distal cues, odor, lighting, and floor material). Conditioned fear response was assessed by measuring the percentage of time spent freezing during a test period of 3 min. Two-way ANOVA was used to determine whether the differences between genotype/treatment were statistically significant.
Elevated plus maze. The elevated plus maze consisted of two open arms and two closed arms with an elevation of 30 cm from the ground. Each arm was 10 cm ϫ 40 cm. Mice were placed in the center of an elevated plus maze facing an open arm and videotaped for 15 min. The total time spent on the open arms versus the close arms were recorded and calculated. Two-way ANOVA was used to determine whether the differences between genotype/treatment were statistically significant.
Marble-burying test. The marble-burying test was performed as described previously (Deacon, 2006) . Mice were placed and left for 30 min in a cage with ϳ5 cm deep of bedding and 2 rows of marbles with regular spacing in between. The marbles that were buried (to 2/3 of their depth) or displaced from their original positions were counted. Two-way ANOVA was used to determine whether the differences between genotype/treatment were statistically significant.
Results
We first measured chemically induced mGluR-LTD at Schaffer collateral-CA1 synapses using hippocampal slices from P30 -P35 mice as described previously (Huber et al., 2001) . At this age, Mecp2 KO mice in our colony exhibited no hindlimb clasping, few tremor and mobility problems, and were considered to be "early symptomatic." mGluR-LTD can be induced by brief application of the selective mGluR1/5 agonist DHPG or by repetitively stimulating Schaffer collateral axons using paired pulses (50 ms interval) at 1 Hz (PP-LFS). A previous study using a loss-offunction RTT model (Mecp2 308/y mice) showed that DHPG-LTD magnitude was not altered, whereas PP-LFS-LTD was impaired (Moretti et al., 2006) . The discrepancy is likely due to the fact that the PP-LFS protocol is dependent on presynaptic glutamate release to induce LTD and both Mecp2 308/y mice and Mecp2 KO mice have presynaptic neurotransmission abnormalities (Moretti et al., 2006 , Calfa et al., 2011 ; J.T. and M.F.B., unpublished observations). Because our interest was in postsynaptic regulation of protein synthesis, we reexamined the effects of DHPG in the presence and absence of cycloheximide (CHX), an mRNA translation inhibitor. We confirmed the finding that application of DHPG induces a similar magnitude of LTD in both WT and Mecp2 KO littermates ( Fig. 1a ). However, whereas mGluR-LTD was diminished in WT mice by application of CHX, in Mecp2 KO mice, mGluR-LTD was insensitive to CHX treatment ( Fig. 1b ). This phenotype is reminiscent of mGluR-LTD defects reported in mouse models of fragile X syndrome (Fmr1 Ϫ /y ), 16p11.2 microdeletion (16p11.2 df/ϩ), and Syngap1 haploinsufficiency (Huber et al., 2002 , Auerbach et al., 2011 , Barnes et al., 2015 , Tian et al., 2015 , which has been interpreted as arising from increased basal synthesis of proteins that are normally rate limiting for LTD.
To examine global protein translation directly, we measured bulk protein synthesis of hippocampal slices in the presence of the transcription inhibitor actinomycin D (Osterweil et al., 2010). Compared with yoked WT littermate controls, Mecp2 KO . f, Normalized ratio of mGluR5 expression level to total protein amount between P30ϳP35 WT and KO littermates was not significantly altered (WT: 1 Ϯ 3.7%, n ϭ 9; KO: 95 Ϯ 4.0%, n ϭ 9, 2-tailed paired t test p ϭ 0.459). g, Normalized ratio of mGluR1 expression level to total protein amount between P30ϳP35 WT and KO littermates was not significantly altered (WT: 100 Ϯ 9.8%, n ϭ 9; KO: 115.6 Ϯ 15.6%, n ϭ 9, 2-tailed paired t test p ϭ 0.328).
mice showed a small but significant increase in 35 S-methionine/ cysteine incorporation indicative of enhanced basal protein translation ( Fig. 1c ). However, we observed no difference in basal or evoked levels of p-ERK (stimulated by DHPG), and p-AKT (stimulated by insulin) in the mutant slices compared with those from WT littermates ( Fig. 1d,e ) and no differences in mGluR5 or mGluR1 in hippocampal tissue lysates ( Fig. 1f,g) . Collectively, these results indicate that the mGluR-ERK and AKT signaling pathways are unaffected in early symptomatic stage Mecp2 KO hippocampal slices and may not contribute to the elevated basal protein synthesis. However, we cannot exclude the possibility that signaling pathways may be altered in a cell-type-specific manner. Western blotting with hippocampal slices provides limited information toward that end. Bulk protein synthesis measurements and candidate protein expression analysis (e.g., Western blotting of individual proteins) from whole hippocampus slices lack cell-type specificity and cannot determine the identities of dysregulated mRNAs without prior knowledge. Because the pyramidal neurons in CA1 are those displaying the mGluR-LTD phenotype, it is highly desirable to identify translational dysregulation specifically in these neurons in an unbiased manner. To this end, we used translating ribosome affinity purification followed by RNA-sequencing (TRAP-seq) to investigate the translatome in hippocampal CA1 neurons. Compared with standard RNA-seq analysis of specific cell populations isolated by fluorescence-activated cell sorting or laser dissection, TRAP-seq provides the unique advantage of celltype specific profiling of mRNAs from intact undisturbed brain tissues (Doyle et al., 2008 , Heiman et al., 2008 , Sanz et al., 2009 and measures the levels of mRNAs that are associated with ribosomes. To analyze hippocampal CA1 neurons, we used a BAC transgenic mouse line with EGFP-L10a expression driven by a cholecystokinin (Cck) promoter. Cck is a neuropeptide that in hippocampus is widely expressed by pyramidal neurons in fields CA1-3 and by a specific class of inhibitory interneuron. However, in the Cck-bacTRAP line, hippocampal expression Red dots represent transcripts that were significantly enriched in IP samples (e.g., Cck) and blue dots represent transcripts that were significantly enriched in input samples (e.g., Gfap, Gad2). c, Quantification of expression levels of Slc17a7 (Vglut1, excitatory neuron marker), Gad1 (inhibitory neuron marker), and Aldh1l1 (glial marker) across different bacTRAP lines expressing in different cell types: Cck (hippocampal CA1, from current study), Nd1 (cerebellar granule neuron), Sept4 (cerebellar Bergmann glia), Pcp2 (cerebellar Purkinje cell); the latter three are all published datasets from Dr. Heintz's group (Mellén et al., 2012) . FPKM, Fragments per kilobase of transcript per million mapped reads. Row Z-Score (Figure legend continues.) of L10a-EGFP is limited to pyramidal neurons in area CA1 ͑Fig. 2a; Doyle et al., 2008 , http://gensat.org/TRAPFounderView. jsp?founder_idϭ93415&gene_idϭ356͒. We dissected the hippocampus from Cck-bacTRAP mice and affinity purified EGFP-L10a tagged ribosome-associated mRNAs by immunoprecipitation (IP). Compared with whole hippocampal lysate samples (input), IP samples showed a very distinctive enrichment of a subset of genes (e.g., Cck) and depletion of genes associated with glia (e.g., Gfap) and GABAergic interneurons (e.g., Gad2) (Fig.  2b) . We further compared our results with the Cck-bacTRAP line with published datasets from TRAP lines that specifically label cerebellar granule neurons (Nd1), Bergmann glia (Sept4 ), and Purkinje neuron (Pcp2) (Mellén et al., 2012) . Immunoprecipitated mRNAs from the Cck line expressed high levels of Slc17a7 (vesicular glutamate transporter, expressed only in glutamatergic neurons), but very low levels of Gad1 (glutamic acid decarboxylase, enriched in Purkinje cells) and Aldh1l1 (aldehyde dehydrogenase, a glial marker) (Fig. 2c) . The robust enrichment of glutamatergic neuronal markers compared with non-neuronal and inhibitory neuronal markers demonstrates that the Cck-bacTRAP line is suitable to study translating mRNA dysregulation in hippocampal CA1 excitatory neurons.
Next, we crossed the Mecp2 ϩ/ Ϫ line with the Cck-bacTRAP line to obtain Mecp2 ϩ/y ;Cck (WT) and Mecp2 Ϫ /y ;Cck (KO) littermates. Mecp2 Ϫ /y ;Cck mice exhibited the same behavioral phenotypes and premature death as Mecp2 Ϫ /y mice. We profiled ribosome-bound mRNAs from four pairs of littermates (from P37-P60) and identified transcripts that showed consistent significant differential expression between Mecp2 KO mice and their littermate WT controls (Fig. 3a,b ). Loss of MeCP2 caused dysregulation of a cohort of mRNAs (n ϭ 263, false discovery rate Ͻ 0.1) across multiple biological replicates (Fig. 3b ). The majority of the dysregulated transcripts were increased in the Mecp2 KO (197 genes, 74.9%); the remaining transcripts were downregulated (66 genes, 25.1%). This result indicates that, in hippocampal CA1 neurons, MeCP2 acts predominantly as a repressor of gene expression and suggests that the previously observed increased bulk protein synthesis might be explained by increased levels of mRNAs associated with translating ribosomes. Interestingly, aberrantly upregulated genes (n ϭ 197, p ϭ 4.6 ϫ 10 Ϫ34 , KS test), but not downregulated genes (n ϭ 66, p ϭ 0.21, KS test), were significantly longer compared with unaltered genes detected in hippocampal CA1 neurons (Fig. 3c) . Therefore, our hippocampal CA1 specific profiling data support the recent observations that MeCP2 represses long genes preferentially in neurons (Sugino et al., 2014 , Gabel et al., 2015 . GO analysis of genes upregulated in the KO (n ϭ 197) indicates that they are significantly enriched for GO terms related to cytoskeleton organization and cellular/neuronal projection morphogenesis (Fig.  3d) , which is consistent with previous GO analysis with commonly upregulated genes from multiple published microarray and RNAsequencing datasets from various brain regions (Gabel et al., 2015) . In contrast, GO analysis of genes downregulated in the KO (n ϭ 66) did not reveal any significant biological processes or pathways. To visualize the known interactions among proteins encoded by upregulated genes, the data were analyzed using the GeNets algorithm (Fig. 3e ). This analysis revealed clustering of affected genes into six distinct PPI communities, suggesting that some aberrantly upregulated genes in Mecp2 KO mice may participate in the assembly of macromolecular complexes that contribute synergistically to RTT pathology. Further comparison of the PPI network of MeCP2repressed genes with the SFARI human autism gene database indicated that 32 of 197 genes upregulated in the KO have been identified as genes mutated in ASD patients (Fisher's exact test, p ϭ 2.38 ϫ 10 Ϫ9 , see Fig. 3e ). Therefore, many MeCP2-repressed genes identified in area CA1 by TRAP-seq are independently implicated as risk alleles in ASDs.
Recent studies suggest that the RNA-binding protein FMRP preferentially stalls ribosomes on translating mRNAs of long length (Darnell et al., 2011 , Gabel et al., 2015 . We compared the genes upregulated in the Mecp2 KO (197 genes) with FMRP-bound mRNA targets (735 expressed in hippocampal CA1 neurons of the original 842 genes) and observed a significant overlap of 49 genes (24.9% of MeCP2 repressed genes, p ϭ 1.1 ϫ 10 Ϫ22 , Fisher's exact test; Fig. 4a ; representative validations by qPCR in Fig. 4b ). In contrast, only 7 genes downregulated in the KO are also FMRP targets (10.6%, p ϭ 0.033; Fig. 4a ). The significant overlap between genes upregulated in the Mecp2 KO and FMRP direct targets raises the possibility that MeCP2 and FMRP might regulate a common group of mRNAs at the transcriptional and translational levels, respectively. Among the 49 genes that are FMRP direct targets and upregulated in Mecp2 KO, 14 genes have been identified as ASD risk genes in the SFARI human autism gene database (Fisher's exact test, p ϭ 3.14 ϫ 10 Ϫ9 ). Interestingly, whereas the FMRP-bound genes reported by Darnell et al. (2011) were significantly longer than non-FMRP target genes, the 49 MeCP2-repressed/FMRP-bound genes were even longer still (Fig. 4c) .
Studies of the Fmr1 Ϫ /y mouse have shown that the increased protein synthesis caused by loss of FMRP in the hippocampus is downstream of a signaling pathway recruited by activation of mGluR5 (Osterweil et al., 2010 , Bhakar et al., 2012 . Chronic inhibition of mGluR5 with a negative allosteric modulator can correct a wide array of disease phenotypes in Fmr1 KO mice (Michalon et al., 2012) . Because a significant portion of genes upregulated in Mecp2 KO are FMRP targets, we wondered whether they also might be subjected to regulation by the mGluR5 signaling pathway. We therefore treated Mecp2 KO mice with either vehicle or an mGluR5negative allosteric modulator (NAM), 2-chloro-4-((2,5-dimethyl-1-(4-(trifluoromethoxy)phenyl)-1H-imidazol-4-yl)ethynyl)pyridine (CTEP) from P30 to P60 and investigated the molecular changes in Mecp2 KO (n ϭ 3 animals for KO treated with CTEP, n ϭ 2 animals for KO treated with vehicle) hippocampal CA1 neurons by TRAPseq. Using GSEA (Mootha et al., 2003 , Subramanian et al., 2005 , we ranked genes according to their differential expression between vehicle-versus CTEP-treated conditions. Interestingly, both the 49 shared MeCP2-repressed/FMRP targets and the total set of 197 genes upregulated in the Mecp2 KO showed a significant shift toward the left side (vehicle-treated) of the ranked gene list, indicating that CTEP treatment tends to reduce their expression levels in Mecp2 KO. In contrast, the 66 genes downregulated in Mecp2 KO as a gene set showed a random distribution (Fig. 4d) . These analyses indicate that MeCP2-repressed genes, particularly those genes regulated by both MeCP2 and FMRP, might be specifically subject to regulation by CTEP treatment.
PPI analysis of the genes that responded most to CTEP treatment (108 leading edge genes, which are those on the left side of 4 (Figure legend continued. ) Genes without known PPI are arrayed to the right side. This analysis identified six distinct PPI communities within 197 MeCP2-repressed genes. Each community gene list is submitted to DAVID functional annotation tool. Community 1 is enriched for actin cytoskeleton and neuron projection. Community 5 is enriched for actin binding, cell junction, and synapse. In addition, genes that are identified as SFARI ASD genes ͑https://gene.sfari. org/autdb/HG_Home.do͒ are highlighted as larger nodes, whereas those overlapping with FMRP-bound targets are highlighted in red. Gene names are indicated for those that are identified as SFARI ASD genes and/ or FMRP targets. . Genes upregulated in Mecp2 KO have a significant overlap with FMRP direct mRNA targets. The list of FMRP directly associated mRNAs from the mouse brain tissue is from published datasets (Darnell et al., 2011) . a, Venn diagrams showing a significant overlap between FMRP direct mRNA targets and mRNAs upregulated in Mecp2 KO (Fisher's exact test, p ϭ 1.1 ϫ 10 Ϫ22 ) and a fewer number of genes overlapping between FMRP direct targets and mRNAs downregulated in Mecp2 KO (Fisher's exact test p ϭ 0.033). b, Validation of TRAP-seq identified target genes that were shared between genes upregulated in Mecp2 KO and FMRP direct mRNA targets by qPCR. Two-tailed paired t tests: Herc2 p ϭ 0.0099 **, Ank2 p ϭ 0.0296 *, Myh10 p ϭ 0.0335 *, Apoe p ϭ 0.0117 *, Myo18a p ϭ 0.02 *, Dync1h1 p ϭ 0.0039 **, n ϭ 4 animals. c, Cumulative distribution of gene lengths for FMRP targets upregulated in Mecp2 KO (cyan), other FMRP direct targets (magenta), and the rest of mRNAs that are non-FMRP targets (gray). Two-sample KS test: FMRP targets upregulated in Mecp2 KO versus other FMRP targets p ϭ 6.3 ϫ 10 Ϫ5 , other FMRP targets versus non-FMRP targets p ϭ 1.2 ϫ 10 Ϫ67 . d, GSEA of genes upregulated in Mecp2 KO (red vertical bars, n ϭ 197), upregulated in Mecp2 KO/FMRP-bound mRNAs (cyan vertical bars, n ϭ 49), or genes downregulated in Mecp2 KO (blue vertical bars, n ϭ 66 genes) on a ranked list of genes differentially expressed between vehicle-treated and CTEP-treated Mecp2 KO hippocampal CA1 neurons. Genes that are relatively downregulated in CTEP-treated Mecp2 KO are displayed on the left side of the plot. The red and cyan line in the upper part of the plot indicates the GSEA enrichment running scores for the list of genes upregulated or downregulated in Mecp2 KO, respectively. The vertical dash lines indicate the peaks corresponding to enrichment score (ES). e, PPI network analysis of a subset of genes upregulated in Mecp2 KO that are downregulated by the CTEP treatment (n ϭ 108 leading edge genes). This analysis identified five distinct PPI communities. In addition, genes that are identified as SFARI ASD genes are highlighted as larger nodes, whereas those overlapping with FMRP-bound targets are highlighted in red. Genes significantly enriched in two functionally relevant pathways are labeled with green outer-circle (NCAM signaling for neurite out growth, adjusted-p ϭ 5.8 ϫ 10 Ϫ7 ) or blue outer-circle (Calcium signaling pathway, adjusted-p ϭ 1.7 ϫ 10 Ϫ2 ), respectively. Gene names are indicated for those that are enriched in the two pathways.
the peak of enrichment score, indicated by red dashed vertical lines in Fig. 4d ) identified five distinct PPI communities, of which community 1 is enriched for actin binding, calmodulin binding, and cytoskeleton binding genes and community 2 is enriched for actin cytoskeleton organization (DAVID GO analysis of biological processes). Additional pathway enrichment analysis (using the Reactome and KEGG pathway database) indicated that these genes were enriched in two pathways: calcium signaling and NCAM signaling for neurite out growth (Fig. 4e) . For example, Ryr2 and Itpr2 are both involved in internal calcium release regulation upon mGluR activation. Downregulation of both with CTEP treatment may therefore tune down aberrant calcium signaling. Together, these results suggest that CTEP may have potential to ameliorate Mecp2 KO symptoms phenotypically by modulating the expression of a subset of MeCP2-repressed genes.
We next investigated the effect of chronic CTEP treatment on a battery of RTT phenotypes. One of the neurostructural hallmarks of RTT mice highly relevant to cellular health is reduced neuronal soma size, which had been reproducibly observed across multiple loss-of-function Mecp2 mutant mouse lines and cellular RTT models (Taneja et al., 2009 , Goffin et al., 2012 , Yazdani et al., 2012 . Consistent with the observation that many cytoskeleton genes were aberrantly upregulated in Mecp2 KO and tuned down by CTEP treatment, we found that chronic treatment with CTEP significantly ameliorated the CA1 soma size deficit observed in Mecp2 KO mice at P45-P60 (Fig. 5a,b) . This effect appears to constitute a "rescue" of the mutant phenotype because treatment was without any significant effect in the WT.
Chronic treatment with low-dose CTEP starting at P30 also prolonged the lifespan of RTT mice significantly (Fig.  5c ). Mecp2 KO mice have severe cardiorespiratory deficits, with irregular breath patterns and breath holding, recapitulating human patients symptoms and likely contributing to premature mortality , Tarquinio et al., 2015 . Therefore, we evaluated the breathing patterns of awake, freely moving mice at a symptomatic age (ϳP45-P60) with whole-body plethysmography. Analysis of the interbreath intervals revealed that CTEP treatment partially reduced long breath holdings in the Mecp2 KO (Ͼ1 s) compared with vehicle-treated KO mice Figure 6 . CTEP treatment of Mecp2 KO mice does not improve body weight, tremor, hindlimb clasping, mobility, or anxiety deficits. a, b, CTEP treatment does not improve body weight, tremor, hindlimb clasping, or mobility on an open bench (severity score: 0 equals WT, 1 is partially impaired, 2 is severely impaired). c, Open-field test showing that Mecp2 KO mice traveled less than WT littermates in a 20 min window regardless of vehicle or CTEP treatment (2-way ANOVA, genotype p ϭ 0.0025, treatment and interaction ns, WT_V n ϭ 7, WT_CTEP n ϭ 7, KO_V n ϭ 11, KO_CTEP n ϭ 10). The same open-field test also showed that Mecp2 KO mice spent less time in the center versus margin of the test arena compared with WT littermates regardless of vehicle or CTEP treatment (2-way ANOVA, genotype p ϭ 0.0006, treatment and interaction not significant, WT_V n ϭ 5, WT_CTEP n ϭ 5, KO_V n ϭ 7, KO_CTEP n ϭ 8). d, Open-field test on the first day divided into bins of 5 min showed that, whereas WT littermate ran the most distance during the first 5 min and then gradually reduced exploration, Mecp2 KO mice did not reach peak exploration until 10 min later (2-way RM-ANOVA, WT_V vs KO_V: interaction p ϭ 0.0004, time p Ͻ 0.0001, genotype p ϭ 0.103; KO_V vs KO_CTEP: interaction p ϭ 0.0591, time p ϭ 0.0093, treatment p ϭ 0.8284). Open-field test on 2 consecutive days showed that both WT and KO mice regardless of drug treatment habituated to the environment (2-way RM-ANOVA, WT_V vs KO_V: interaction p ϭ 0.776, time p ϭ 0.003, genotype p ϭ 0.22; KO_V vs KO_D: interaction p ϭ 0.737, time p ϭ 0.0003, treatment p ϭ 0.477). e, Regardless of CTEP treatment, compared with WT, Mecp2 KO mice spent more time in the open arm than in the closed arm in the elevated plus maze (WT_vehicle_open arm: 0.033 Ϯ 0.013 n ϭ 5; WT_CTEP_open arm: 0.121 Ϯ 0.027 n ϭ 7; (Figure legend continues.) ( Fig. 5d) , potentially contributing to the improvement in lifespan.
Next, we tested the mice in a hippocampus-dependent behavioral assay, inhibitory avoidance (IA), which had been shown to reveal cognitive deficits in mouse models of FX and 16p11.2 microdeletion (Dölen et al., 2007 , Tian et al., 2015 and requires proper protein synthesis (Quevedo et al., 1999) . The IA training apparatus comprises a box with two chambers separated by a door. One chamber is brightly lit and the other dark. Mice are placed in the lit chamber before the door is opened to allow entry into the dark side. Upon entry to the dark side, the animals receive a foot shock. They later demonstrate memory for this experience by avoiding the dark side when given the opportunity to enter. Memory acquisition and strength are estimated by the latency to enter the dark chamber at 24 and 48 h after training. Mecp2 KO mice and WT littermates show comparable sensitivity to the foot shock as measured by the amount of wild running 2 s after the shock. However, the mutants display a severe cognitive deficit, with no significant increase in latency when tested 24 or 48 h later (Fig. 5e ), even when tested at P30, before symptom onset. CTEP treatment from P16 -P30 may have modestly improved cognitive performance because significant increases in latency were observed at 24 and 48 h, although this improvement fell far short of performance in WT mice (Fig. 5e ).
Assays of several other RTT phenotypes failed to reveal an effect of CTEP treatment. Weekly manual scoring of body weight, tremor, hindlimb clasping, and mobility on an open bench showed no significant improvement (Fig. 6a,b) . Open-field tests showed that, regardless of drug treatment, Mecp2 KO mice traveled less distance, particularly in the first 5 min of the test session ( Fig. 6c,d ). They also spent less time in the center versus the margin of the arena, indicating possible decreased locomotor activity or increased anxiety. However, Mecp2 KO mice explored less on the second day compared with the first day in the same open arena, indicating normal habituation to the arena. We further tested anxiety using the elevated plus maze. Interestingly, Mecp2 KO mice spent more time on the open arm than the closed arm regardless of drug treatment, which is usually interpreted as a reduced level of anxiety (Fig. 6e ). In the marble-burying assay, CTEP treatment had a small and statistically nonsignificant amelioration effect on the numbers of marbles that had been displaced from their original positions, although the numbers of marbles that were completely buried did not increase significantly (Fig. 6f ). Furthermore, CTEP treatment had little effect in contextual fear conditioning tests in which Mecp2 KO mice also had been shown to have severe deficits (Fig. 6g ). Together, these behavioral analyses indicate that the beneficial effects of CTEP treatment were restricted to a narrow range of phenotypes, possibly reflecting regional variations in the brain pathophysiology responsible for the diverse manifestations of the disease. Unlike fragile X, excessive consequences of mGluR5 activation are not a thread that connects a wide array of phenotypes in RTT.
Discussion
Dysregulated hippocampal mGluR-LTD and protein synthesis have been demonstrated in several mouse lines carrying gene mutations that cause human ASD and ID, including the models for FXS, TSC, and 16p11.2 microdeletion (Huber et al., 2002 , Auerbach et al., 2011 , Tian et al., 2015 . In the current study, we demonstrate that protein-synthesis-dependent mGluR-LTD is also affected in a mouse model of RTT. Although hippocampal mGluR-LTD per se may not be a core mechanism for the expression of ASD or ID, it has proven to be a very sensitive assay to study postsynaptic protein translation regulation. Together, these LTD studies support the hypothesis that altered translation regulation may be a shared consequence of diverse gene mutations that manifest in humans as ASD and intellectual disability. Because the dependence of mGluR-LTD on protein synthesis varies with age in mouse and rat, whether various mGluR-LTD phenotypes in ASD mouse models reflect neuronal maturation deficits needs further investigation.
In addition to bulk protein synthesis analyses, here we analyzed mRNAs associated with ribosomes specifically in hippocampal CA1 neurons in an unbiased manner for the first time. Compared with WT littermates, the majority of altered mRNAs were upregulated in Mecp2 KO mice, consistent with an increase in active translation. It is likely that the increased bulk protein synthesis is a downstream effect of loss of transcription repression in the absence of MeCP2, preferentially on long genes. It is both interesting and reassuring to observe that our TRAP-seq results from hippocampal CA1 neurons, revealing robust upregulation of long genes, are remarkably consistent with the findings from multiple gene expression datasets using various crude brain tissue lysates (Gabel et al., 2015) . Our data support the conclusion that the derepression of long genes occurs specifically in excitatory hippocampal neurons in RTT mice. This underscores the power of studying cell-type-specific translating mRNAs, which bypasses the difficulty of deducing neuronal specific signals from mixed cell populations from brain tissue.
The significant overlap between MeCP2-repressed genes and FMRP direct targets suggests that MeCP2 and FMRP might regulate a common group of mRNAs at the transcriptional and translational levels, respectively. Functional annotations of MeCP2-repressed/ FMRP direct target genes revealed multiple genes involved in cytoskeleton organization and cell morphogenesis. For example, Myh10, Myo5a, Myo18a, Dync1h1, Kif1a, Ank2, and Ank3 play key roles in activities such as transport of synaptic vesicles, spine morphology, and dynamics. Importantly, a significant part of MeCP2-repressed/ FMRP direct target genes belong to SFARI genes that have direct implications in ASDs (e.g., Ank2, Ank3, Dscam, Dst, Herc2, Reln, and Wdyf3, etc.) . Signaling via mGluR5 has been implicated in the pathophysiology of fragile X and a number of disorders that manifest as ASD (Wenger et al., 2016) . We find that the majority of MeCP2repressed genes (both FMRP targets and non-FMRP targets) as a gene set may be tuned down by chronic CTEP treatment, establishing a potential mechanistic link between MeCP2-dependent transcription repression and mGluR-dependent translation regulation. 4 (Figure legend continued. ) KO_vehicle_open arm: 0.752 Ϯ 0.065 n ϭ 7; KO_CTEP_open arm: 0.725 Ϯ 0.102 n ϭ 5; WT_vehicle_closed arm: 0.749 Ϯ 0.034 n ϭ 5; WT_CTEP_closed arm: 0.675 Ϯ 0.067 n ϭ 7; KO_vehicle_closed arm: 0.177 Ϯ 0.056 n ϭ 7; KO_CTEP_ closed arm: 0.216 Ϯ 0.078 n ϭ 5, 2-way ANOVA, genotype p Ͻ 0.0001). f, Mecp2 KO mice were impaired in a marble-burying test and CTEP treatment did not significantly improve the displacement of marbles (2-way ANOVA, only genotype is significant for both marbles that are moved and marbles that are displaced, p Ͻ 0.0001). g, WT mice regardless of CTEP treatment showed robust freezing behavior in the same context but little freezing in a different context (WT_vehicle_same context: 28.26 Ϯ 6.3% n ϭ 5; WT_CTEP_same conext: 38.26 Ϯ 3.64% n ϭ 5; WT_vehicle_different context: 11.84 Ϯ 3.18% n ϭ 3; WT_CTEP_different context: 9.23 Ϯ 1.72% n ϭ 2). Mecp2 KO mice regardless of CTEP treatment showed little freezing behavior in either the same or different context (KO_vehicle_same context: 3.48 Ϯ 1.44% n ϭ 5; KO_CTEP_same context: 7.29 Ϯ 3.18% n ϭ 6; KO_vehicle_different context: 0.25 Ϯ 0.15% n ϭ 2; KO_CTEP_different context: 7.34 Ϯ 4.12% n ϭ 3). Comparison of WT and KO in the same context condition: 2-way ANOVA, interaction p ϭ 0.45, treatment p ϭ 0.099, genotype p Ͻ 0.0001.
Further investigation is needed to address the biological functions of those individual target genes.
Our TRAP-seq result provides a snapshot of mRNAs actively engaged with ribosomes and presumably undergoing active translation, likely reflecting the transcriptional level regulation by MeCP2. The data support the conclusion that MeCP2 represses transcription preferentially on a group of long genes in hippocampal CA1 neurons and offers an explanation for the slight increase in basal translation observed in hippocampal slices from the KO. The TRAP-seq result by itself, however, cannot be taken as indicative of translational efficiency because it does not provide quantitative ribosome occupancy information as ribosome profiling does in cultured cells, which requires much larger input materials . Furthermore, protein synthesis regulation is tightly regulated by neural activity (Ebert and Greenberg, 2013) and, in addition to the increased protein synthesis observed here, the hippocampus from Mecp2 KO mice shows increased network excitability (Calfa et al., 2011 , McLeod et al., 2013 . In contrast, hESC-derived MeCP2 mutant neurons in culture show a global downregulation of transcription and translation and hypoactivity . Because Mecp2 KO mice display increased or decreased activity level among different brain regions as measured by the immediate early gene c-fos (Kron et al., 2012) , it is likely that protein synthesis level may also exhibit brain region variation.
Recent work reported that the mTOR/AKT signaling pathway was impaired in Mecp2 KO mice as well as in cultured human embryonic stem cell-derived RTT neurons (Ricciardi et al., 2011 . Insulin-like growth factor 1 (IGF-1) was reported to alleviate a variety of symptoms in Mecp2 KO mice by enhancing the mTOR/AKT pathway (Tropea et al., 2009 , Castro et al., 2014 . Although we did not observe downregulation of the AKT signaling pathway in our Mecp2 mouse colony, it is interesting to note that increasing mTOR signaling can ameliorate excessive mGluR5-dependent protein synthesis in fragile X (Auerbach et al., 2011 , Bhakar et al., 2012 and could function similarly in RTT.
Excessive protein synthesis in fragile X is also corrected by chronic inhibition of mGluR5 using CTEP (Michalon et al., 2012) . In the Mecp2 KO mice, we found that chronic low-dose CTEP treatment prolongs lifespan, mildly ameliorates IA deficits, and rescues the reduced soma size of hippocampal CA1 neurons. Further work needs to address the possible effects of CTEP treatment beyond the hippocampus; for example, the cardiorespiratory system, which has more direct relevance to general health. However, the limited effect of CTEP treatment on most of the other behavioral and cognitive aspects of the RTT mouse model highlights the challenge of identification and correction of the widespread core deficits of RTT.
